Response to the steroid hormone ecdysone in Drosophila is controlled by genetic regulatory hierarchies that include eight members of the nuclear receptor protein family. The DHR3 gene, located within the 46F early-late ecdysoneinducible chromosome puff, encodes an orphan nuclear receptor that recently has been shown to exert both positive and negative regulatory effects in the ecdysone-induced genetic hierarchies at metamorphosis. We used a reverse genetics approach to identify 11 DHR3 mutants from a pool of lethal mutations in the 46F region on the second chromosome. Two DHR3 mutations result in amino acid substitutions within the conserved DNA binding domain. Analysis of DHR3 mutants reveals that DHR3 function is required to complete embryogenesis. All DHR3 alleles examined result in nervous system defects in the embryo.
Pulses of the steroid hormone 20-hydroxyecdysone (referred to here as ecdysone) occur throughout the Drosophila life cycle and act to coordinate and regulate multiple developmental transitions (1) . The most dramatic of these transitions is the larval to adult metamorphosis where most, if not all, tissues of the larva respond to ecdysone. Ecdysone acts through a heteromeric ecdysone receptor consisting of two nuclear receptors, EcR and USP (2) (3) (4) (5) . The genetic regulatory networks that operate downstream of the ecdysone receptor are best understood for the larval salivary gland during metamorphosis by virtue of the ecdysone-induced transcription puffs visible in this tissue. In vitro studies of the induction and regression of salivary gland transcription puffs have led to a regulatory model in which a small set of early puffs, induced directly and immediately by ecdysone, produce a product (or products) P that acts both to induce a larger set of late puffs and to repress early puffs (6) . A small subset of the late puffs (the early-late puffs) respond similarly to the early puffs in ecdysone addition and withdrawal experiments (7) . Subsequent molecular analysis has shown that early-late class genes, like the early genes, are directly induced by ecdysone, although they require protein synthesis for their maximal induction (8, 9) .
Recent studies of the DHR3 early-late gene, which encodes an orphan nuclear receptor (10) , suggest that it plays a key role in the ecdysone regulatory hierarchies at metamorphosis (11, 12) . Overexpression of DHR3 in vivo and in vitro results in repression of the early genes E74A, E75A, and BR-C and premature induction of ␤FTZ-F1, a gene that regulates prepupal ecdysone responsive genes (13) . These results have led to the proposal that DHR3, like P, has a dual regulatory function, acting negatively early in ecdysone response to repress early gene expression and later acting positively to activate the ␤FTZ-F1 gene (11, 12) . Biochemical evidence suggests possible mechanisms for DHR3 regulatory effects. DHR3 may repress early genes in a DNA binding domain independent fashion through contact with EcR, whereas the timing of ␤FTZ-F1 activation may be determined by the physical interaction of DHR3 and E75B, a nuclear receptor lacking a complete DNA binding domain (12) .
The proposed functions for DHR3 lead to the testable predictions that inactivation of DHR3 at the proper time during metamorphosis will lead to failures of early gene repression and ␤FTZ-F1 induction. A prerequisite for testing these predictions is the isolation of DHR3 mutants. Here we report identification of DHR3 loss-of-function mutations. We have used denaturing gradient gel electrophoresis (DGGE) to identify a complementation group consisting of 11 DHR3 alleles from among a collection of lethal mutations mapping to the 46F chromosomal region. Two DHR3 mutations are missense mutations within the DNA binding domain. All DHR3 mutants tested are embryonic lethal and have nervous system defects. The demonstration of an embryonic function for DHR3 is consistent with the expression of DHR3 during embryogenesis (10) 
MATERIALS AND METHODS

DGGE.
Genomic DNA was isolated from flies heterozygous for 46E-F lethal mutants or the adh cn pr parental chromosome and the CyO balancer chromosome. A 234-nt DNA fragment encoding the DHR3 DNA binding domain was amplified by PCR using primers specific to this region. The 5Ј primer (DH1) has the sequence 5Ј-CG-GCTCAAATTGAGATAATTCC-3Ј, where CG-represents a 40-nt GC clamp designed to prevent complete denaturation of products during electrophoresis (17) . The 3Ј primer (DH2) has the sequence 5Ј-ACCAT-CACGGCTCATTCC-3Ј. PCR products were electrophoresed at 60°C on 6.5% acrylamide gels containing an increasing gradient of denaturant (18) and were visualized by ethidium bromide staining.
The 60 46E-F lethals were previously isolated and placed into complementation groups (19) . Of these 60 candidate lethals, 47 were screened by DGGE. Two poorly growing members of the large A complementation group and the 11 members of the B complementation group, which corresponds to the Drosophila phosphofructokinase gene (20) , were not screened.
Sequence Analysis. DNA from DHR3 R107G and DHR3
G60S
strains was PCR-amplified, and DGGE was performed as described. In each case, the most rapidly migrating band (see Fig. 2 ) represents the mutant homoduplex species. These bands were excised from the gels and reamplified using DH1 and DH2 primers. DNA from adh cn pr was PCR-amplified as above and sequenced. The entire procedure was performed two independent times to control for possible PCR amplification errors. Sequencing of both strands of each template was performed in the Molecular Genetics Instrumentation Facility at the University of Georgia on an Applied Biosystems 373 stretch machine using the manufacturer's standard protocol for dye terminator sequencing. Lethal Phase Analysis. DHR3 mutant animals were marked with yellow (y) and maintained as heterozygotes with the second chromosome balancer CyO,y ϩ (a gift of J. Botas, Baylor, Houston). Twenty five yw;DHR3͞Cyo,y ϩ males were mated with 25 yw;Df(2R)12͞CyO,y ϩ (see Fig. 1 ) virgin females at 25°C for 2 to 4 days before egg collections were begun. After a 6-hr egg collection on grape juice agar plates, 200 eggs from each cross were isolated. Thirty-six hours after the end of the egg collection period, the plates were examined to determine the number of hatched eggs and living y first instar larvae. As necessary, living y larvae were followed through all stages of development. Two DHR3 mutant chromosomes, DHR3 and DHR3 In addition to 10 DHR3͞Df(2R)X1 embryos of each genotype, we examined wild-type siblings from each cross to control for dominant effects from the deficiency or balancer chromosomes. We examined CyO,wg-lacZ in a Canton S background as a second control for dominant effects from this chromosome.
Eggs were collected for 5-hr intervals and allowed to grow at 25°C until 11-16 hr after egg laying. Embryos were dechorionated, fixed in heptane͞formaldehyde, and devitellinized by vigorous mixing in heptane͞methanol. The embryos subsequently were rehydrated through several washes in PBT (PBS ϩ 0.5% Triton X-100) and then incubated in blocking solution (5% goat serum) for 2 hr. Incubation with mouse mAbs 22C10 (21, 22) or BP102 (23) (1:5 dilution) was performed in 5% goat serum overnight at 4°C in the presence of mAb for ␤-galactosidase detection (Promega). Only homozygous DHR3 mutants will lack ␤-galactosidase staining.
Embryos were rinsed four times with PBT and incubated for 2 hr at room temperature with a 150-fold dilution of goat ␣-mouse IgG horseradish peroxidase (HRP) conjugated secondary antibody (Promega). HRP detection was performed with diaminobenzidine in the presence of 8% NiCl 2 . Animals were viewed by differential interference contrast microscopy optics using a Zeiss axiophot microscope.
For DHR3 G60S , DHR3 R107G , and DHR3 22-35 a similar protocol was followed for a Drosophila muscle myosin (24) antibody. Secondary detection was performed with tetramethylrhodamine B isothiocyanate-and f luorescein isothiocyanateconjugated antibodies.
RESULTS
Identification of DHR3 Mutants. The DHR3 gene has been mapped to the 46F position on chromosome 2R by in situ hybridization (10) . A chromosomal deficiency that removes the 46C-F region, Df(2R)X1 (25) , was used to isolate 126 lethal mutants induced with ethylmethane-sulfonate, diepoxybutane, or gamma irradiation (19) . Sixty of these mutations fall into 13 complementation groups in the 46E-F region ( Fig. 1 ) because they complement Df(2R)X3, a deficiency for the 46C-E region (25) .
To determine which complementation group corresponds to DHR3, we performed denaturing gradient gel electrophoresis, a rapid and sensitive technique capable of detecting point mutations and small deletions (18) , to screen the 46E-F lethal mutations. We chose to screen the DHR3 DNA binding domain for mutations because this domain is the most strongly conserved region in the nuclear receptor family (26) . Primers specific to sequences encoding the DHR3 DNA binding domain (see Materials and Methods) were used to amplify genomic DNA from animals heterozygous for a 46E-F lethal and the CyO balancer chromosome. PCR products were analyzed on denaturing gradient gels for changes in mobility relative to the adh cn pr parental chromosome.
Two alleles from complementation group D, DHR3
R107G
and DHR3 G60S (Fig. 2 ), have bands with altered electrophoretic mobility. In addition, a third member of the D group, DHR3 [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] , has a DGGE pattern identical to that of Df(2R)X1 (Fig. 2) , a deletion that encompasses DHR3. This observation is consistent with a DNA lesion on the DHR3 [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] chromosome that deletes or separates the PCR priming sites. The remaining 46E-F lethal mutations exhibit a pattern identical to that of the parental chromosome (data not shown). These results identify the D group, consisting of 11 alleles, as the DHR3 complementation group. binding domain of nuclear receptor proteins is two highly conserved cysteine-rich regions that function as zinc coordination modules. These modules supply target DNA contact sites as well as dimerization interfaces with other family members (27) . Because the observed electrophoretic patterns for DHR3 R107G and DHR3 G60S (Fig. 2) were suggestive of point mutations or small deletions within the exon encoding the DNA binding domain, we sequenced this region from these alleles. The DNA sequence changes and predicted amino acid changes of these alleles are shown in Fig. 3A .
The DHR3 G60S allele has a single change at nucleotide 404 (numbering of nucleotides is according to the cDNA sequence presented in ref. 10 ) predicted to substitute a serine for a glycine residue at the tip of module 1 (Fig. 3B) . This substitution occurs adjacent to amino acids shown to mediate phosphate backbone contacts in structural studies of other nuclear receptor DNA binding domains (Fig. 3B and refs.  28-30) . The serine for glycine substitution may affect the DHR3 protein fold and thus interfere with these contacts. The glycine residue at this position is strongly conserved in the nuclear receptor superfamily (31) , and a missense mutation that affects this residue in the vitamin D receptor has been reported in a patient with rickets syndrome (32) . The same residue of the androgen receptor is altered in a patient with androgen insensitivity syndrome (32) .
The change at nucleotide 545 in DHR3 R107G is predicted to cause substitution of glycine for an arginine in module 2 (Fig.  3B) . The arginine at this position is universally conserved in the nuclear receptor superfamily (31) and has been shown to contact the phosphate backbone in studies of other nuclear receptor protein structures (Fig. 3B and refs. 28-30 ). Missense mutations that affect the arginine residue at this position in the vitamin D and androgen receptors have been reported for rickets and androgen insensitivity patients, respectively (32) .
DHR3 Function Is Required During Embryogenesis.
To determine the phenotype of the DHR3 mutants, we first defined the time of death of each mutant when heterozygous for Df(2R)12, a deletion that fails to complement all DHR3 alleles. The percent survival of each mutant relative to the adh cn pr chromosome is shown in Table 1 . The predominant lethal phase of all DHR3 mutants tested is embryogenesis (Table 1) , with very few (six strains) or no (three strains) first instar larvae detected. For a single strain (DHR3 91-9 ), one animal survived to the third larval instar. To confirm these results, we scored larger egg collections (Ͼ500 eggs) in an independent set of experiments for three DHR3 mutants (DHR3 , DHR3 G60S , and DHR3 91-9 ). In these experiments, one (DHR3 and DHR3 91-9 ) or two (DHR3 G60S ) hatched y first instar larvae were detected and all y larvae died during the first larval instar.
Thus, our data indicate that DHR3 function is required during embryogenesis.
DHR3 Mutants Have Nervous System Defects.
To understand the nature of the observed embryonic lethality, we first examined the external structure of DHR3 embryos. Cuticle preparations from 24-to 36-hr embryos indicate no obvious morphological differences between wild-type and DHR3 G60S , DHR3 R107G , or DHR3 [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] embryos that are heterozygous for either Df(2R)X1 or Df(2R)12 (data not shown). Thus, DHR3 has no apparent function in patterning or cuticle deposition.
Lam et al. (11) have shown that DHR3 is widely expressed during embryogenesis in tissues that include the gut, salivary gland, epidermis, and, at low levels, the ventral nerve cord. Because DHR3 is expressed widely, we chose antibody markers that would allow us to examine a variety of internal structures of the embryo. We used antibodies directed against the nervous system, mAbs 22C10 (21, 22) and BP102 (23), or directed against Drosophila muscle myosin (24) and screened for detectable structural changes in DHR3͞Df(2R)X1 embryos (see Materials and Methods). DHR3͞Df(2R)X1 embryos were identified by lack of staining with an antibody directed against the ␤-galactosidase protein expressed from the CyO,wg-lacZ balancer chromosome.
Peripheral neurogenesis in Drosophila is complete by 14 hr of development (33) . At this time, the peripheral nervous system (PNS) has a stereotypical and well defined pattern (33, 34) , which can be observed by staining with mAb 22C10. This antibody stains 44 neurons and their projections in each abdominal hemisegment as well as a similar number in each of the three thoracic hemisegments. Within each hemisegment the neurons are arranged within invariant clusters designated as dorsal, lateral, or ventral clusters (Fig. 4D) .
We tested DHR3 mutants for alterations in PNS patterning by immunostaining with mAb 22C10. For each genotype examined, approximately 50% of the embryos contained PNS defects. The types of defects noted included loss of neurons, pathfinding and fasciculation defects, cluster organization defects, and displacement of neurons to inappropriate positions within the PNS. These defects were not limited to a specific cluster but were found in many thoracic and abdominal clusters.
A severely affected embryo is shown in Fig. 4B . Lateral cluster neurons are absent (Fig. 4B, arrowhead) as well as most ventral cluster neurons (Fig. 4B, asterisk) . Fasciculation defects, or defects in axon bundling, were observed in a number of animals (Fig. 4C, arrowheads) . In addition to the defects in fasciculation, this animal lacks organization in the lateral and ventral clusters (compare with Fig. 4 A and F) . Incorrect or missing projections (Fig. 4E, arrowheads) and displacement of neurons or entire clusters of neurons (Fig. 4G, arrowhead) were observed in DHR3 animals. However, the overall architecture of the PNS usually is maintained in the mutants (Fig.  4, compare F and G) .
We also examined DHR3 mutants for defects in the central nervous system (CNS). mAb BP102 specifically stains axons of CNS neurons, recognizing both commissures and longitudinal tracts (35) . Examination of DHR3 R107G ͞Df(2R)X1 embryos revealed a break in the posterior portion of the longitudinal tract in 14% of these animals (data not shown). This defect was rarely noted in other DHR3 mutant genotypes.
To examine the muscular structure of DHR3 animals we used the Drosophila ␣-muscle myosin antibody (24) , which is specific to cardiac cells and visceral muscles as well as somatic muscle fibers (36) . The pattern of muscle organization is highly sterotypical in wild-type embryos. defects in muscle patterning that affect most or all of the somatic muscles of the body wall (data not shown). The remainder of the mutant embryos had no observable defects.
DISCUSSION
We have identified mutations in DHR3, an ecdysone-inducible early-late gene that encodes a member of the nuclear receptor superfamily. Denaturing gradient gel electrophoresis allowed rapid screening of 47 mutant strains for alterations in the DHR3 DNA binding domain exon. Sequence analysis reveals that two DHR3 alleles, DHR3 R107G and DHR3 G60S , have single nucleotide substitutions predicted to alter amino acids highly conserved among receptor family members. A third allele, DHR3 [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] , has an altered DGGE pattern that is consistent with a deletion, inversion, or translocation involving the DHR3 DNA binding domain exon. These results indicate that an 11-member complementation group in the 46E-F region corresponds to DHR3. The subsequent finding that DHR3 complementation group members can be rescued to late stages of development by transgenic expression of a DHR3 cDNA under heat-shock control (G. Lam and C. Thummel, personal communication) supports this conclusion. Other members of the DHR3 complementation group may have mutations that lie elsewhere in the gene because we did not detect an altered DGGE pattern in analysis of the DNA binding domain exon. Based on the sequence changes of the two DHR3 alleles for which the molecular defect is known and the consistent lethal period of the nine DHR3 alleles tested, we presume that most DHR3 mutants examined here have little or no DHR3 function.
Lethal phase analysis indicates that DHR3 is required to complete embryogenesis. DHR3 mutants form a normal larval cuticle and few DHR3 mutant animals survive to hatching, suggesting a late embryonic requirement for DHR3 function. This requirement is consistent with the expression of DHR3 during mid-to late embryogenesis (10, 11) . Molecular studies of ecdysone response in Drosophila have focused on the function of ecdysone during metamorphosis in later development (37) . Demonstration of an embryonic requirement for the DHR3 early-late gene, along with similar requirements for other key regulatory proteins that function in ecdysone response (M.B., F. B. Imam, W. S. Talbot, B. Ganetzky, and D. S. Hogness, unpublished results, and refs. 14-16), suggest additional important functions for ecdysone signaling in early development.
DHR3 mutants display defects in formation of the PNS. Using the antibody 22C10 as a marker for peripheral neurons and their projections, we found that 11-to 16-hr embryos heterozygous for Df(2R)X1 and for all DHR3 mutant alleles examined (seven alleles) have PNS defects. This phenotype, however, is incompletely penetrant as only approximately half of the animals of a given DHR3 genotype display the PNS defects. The defects include absence or mislocalization of neurons or clusters of neurons, defects in fasciculation, incorrect or missing projections, and a general disorganization of neuronal clusters. Despite localized defects, most DHR3 mutant animals maintain the sterotypical, segmental pattern of the PNS. A minor defect in central nervous system formation was detected in one DHR3 genotype (DHR3 R107G ͞Df(2R)X1) upon staining with mAb BP102. Fourteen percent of DHR3 R107G ͞Df(2R)X1 mutants have a break in the posterior portion of the longitudinal tract of the ventral nervous system. Minor muscle defects were detected in a similarly low percentage of DHR3 animals.
Our observations suggest that DHR3 may function in patterning of the PNS during Drosophila embryogenesis. Although DHR3 is widely expressed at this time (11) the current precision of the expression analysis does not indicate if DHR3 is expressed in peripheral neurons. The defects observed therefore may be caused by loss of DHR3 function in peripheral neurons or to loss of DHR3 function in other cell types normally involved in neuronal specification or pathfinding. Alternatively, DHR3 may have its primary function in tissues not assayed here and the PNS defects may be indirect.
Although DHR3 is essential for viability, the incomplete penetrance and variable expressivity of the DHR3 phenotype suggest that DHR3 may be partially redundant. Recently, it has been proposed that DHR3 may have overlapping functions with the E78 gene (also known as EIP78C). E78 is a second ecdysone inducible early-late gene that, unlike DHR3, is nonessential for viability (38) . Isolation of DHR3 mutants will allow analysis of DHR3,E78 double mutants to address the question of functional redundancy between these genes. Double mutant analysis using mutations that affect other members of the ecdysone regulatory hierarchy also will be informative in elucidating regulatory relationships between these genes.
Recent studies based on overexpression of DHR3 during metamorphosis suggest that DHR3 has both positive and negative regulatory functions in ecdysone regulatory pathways (11, 12) . DHR3 is proposed to repress the early genes E74A, E75A, and BR-C and later to activate the ␤FTZ-F1 gene. The early gene repression functions of DHR3 may be mediated through contact with the EcR protein and the timing of ␤FTZ-F1 activation through contact with E75B (12) . The proposed DHR3 functions predict that loss of DHR3 function during metamorphosis will lead to failures of early gene repression and ␤FTZ-F1 activation. The identification of DHR3 mutations reported here will allow testing of these predictions and assessment of the regulatory functions of DHR3 during both embryonic and metamorphic responses to ecdysone.
